In the present study, ZnO nanostructures were ultrasonically synthesized and immobilized on the surface of diatomite and used for visible light photocatalysis of Acid Red 88 (AR88) in the aqueous phase. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses were employed for characterization of the samples. The process was optimized via response surface methodology (RSM) on the basis of central composite design (CCD). Based on numerical optimization, for the maximized color removal of 96% the initial dye concentration, the catalyst dosage, the reaction time, and the initial pH were 13 mg/L, 1.5 g/L, 85 min, and 4, respectively. The initial pH produced the largest effect, while the adsorbent dosage represented the lowest individual effect on the photocatalysis of AR88. The reusability test showed a 20% reduction in decolorization efficiency (%) within four consecutive experimental runs. Overall, ZnOdiatomite nanocomposite can be applied as an efficient photocatalyst for the visible light photocatalysis of target organic dyes.
Introduction
Many industries such as textile, plastics, clothing, dyestuff, leather, food processing, paper, and pulp produce effluents, containing significant amounts of organic dyes.
1−3 These organic molecules or their metabolites have carcinogenic and mutagenic properties, posing a serious threat to human health. 1, 4 Therefore, the purification of colored effluents must be considered to avoid the aforementioned problems. Various treatment techniques have been employed for the decolorization of colored wastewaters, including biological degradation, 5 adsorption, 6,7 membrane technologies, 8 coagulation-flocculation, 9 electrochemical processes, 10 and advanced oxidation processes (AOPs). 11−13 In recent years, the application of AOPs has gained much more attention due to the generation of hydroxyl radical (OH · ) as one of the most powerful oxidants, decomposing refractory organic dyes. Nowadays, photocatalytic processes are proposed as one of the most effective AOPs for the remediation of colored effluents. 14−18 Among the semiconductors being used for photocatalysis, ZnO, in nanosize, has attracted extensive interest because of its availability, low cost, wide band gap (E g = 3.37 eV), high photosensitivity, large area-to-volume ratio, and large excitation binding energy (60 meV). 11, 12, 19, 20 However, several difficulties using suspended photocatalysts have also been observed as follows: (1) the aggregation of fine particles in the bulk solution, (2) difficulty in the separation of nanoparticles from the solution after the * Correspondence: darvishi@arakmu.ac.ir process, (3) the small amount of absorbed photons in the visible light region, (4) the high recombination rate of the generated electron-hole pairs, and (5) difficulty in the application of fine particles in continuous flow mode reactors. 14, 16 Another disadvantage in using suspended nanoparticles is associated with their fine size, which can adversely affect human health and the environment. 13, 21 For these problems, the immobilization of fine photocatalyst particles on clay-like materials such as montmorillonite, 30 In the following, the effect of studied operational parameters on the visible light photocatalysis of AR88 was assessed via response surface methodology (RSM) based on central composite design (CCD). This statistical approach gave us the opportunity to conduct experiments with reduced experimental runs. In addition, evaluation of the interaction of operational parameters and determination of optimum values for maximum efficiency are achievable via RSM based on CCD. 4,31−33 To the best of our knowledge, the use of ultrasonically synthesized ZnO-diatomite nanocomposite for the visible light photocatalysis of organic dyes has not been investigated before.
Results and discussion

Characterization
Scanning electron microscopy (SEM) analysis was performed. The results are provided in Figure 1 . Figure 1 • represent the pure phase of crystalline silica in the diatomite structure. This is in accordance with the JCPDS Card no. 00-001-0647. • after the formation and immobilization on the diatomite surface ( Figure 2 ). These changes are significant enough to demonstrate the creation of nanostructured ZnO particles in interlayer spaces of the diatomite structure. The high intensity of the peaks related to ZnO reflect the formation of highly crystalline ZnO nanostructures integrated with the diatomite lattice. 22 The crystalline size of the nanocomposite was measured using the Debye-Scherrer equation. 34 As a result, the average crystalline size of ZnO-diatomite nanocomposite was computed to be about 43 nm.
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Results of CCD modeling
According to the results of CCD modeling, the relationship between the color removal (as response) and studied operational parameters (dye concentration (x 1 ), catalyst dosage ( x 2 ) , reaction time ( x 3 ) , and initial pH (x 4 )) was described by an empirical equation as below:
(1
The experiments were carried out according to the experimental design (Table 1) . After the experiments, the experimental responses were written down, together with the predicted responses computed by Eq. (1) ( Table   2 ). To confirm the results of modeling, analysis of variance (ANOVA) was conducted and its results are given in Table 3 . As shown in Table 3 , a good fit between the experimental and predicted response (color removal (%)) was achieved based on the obtained correlation coefficient (R 2 = 0.961), indicating that the model can elucidate 96.1% of the variations in color removal by the process. Nevertheless, 3.9% of the variations are not predicted by the applied model. The fit between the actual (experimental) and predicted response can be clearly seen in Figure 3 (a). The adequacy of the model can be evaluated by the residuals, which were calculated by Run no.
Coded parameters Actual parameters Color removal (CR(%)) determining the difference between the experimental and predicted responses. The plot of residuals versus run number exhibits a normal distribution of the points (Figure 3(b) ). Adjusted R 2 amends the R 2 -value for the number of terms in the model and the sample size. Hence, the R 2 -value of 0.961 is in reasonable agreement with the adjusted R 2 -value of 0.928. As tabulated in Table 3 , an "adequate precision" of 19.34, which is greater than 4, indicated the desirability of the applied model for predicting the response. 32 Moreover, a relatively low value of the coefficient of variance (CV = 7.66%) displayed reliability of the results. Furthermore, the P-values less than 0.0001 suggested the significance of the CCD model for predicting color removal (Table 3) . There is only a 0.0001% chance that the model occurs as a result of noise. The F-value of 28.49 also implies that the model is meaningful. The estimated regression coefficient and corresponding F-and P-values obtained during the ANOVA are listed in Table 4 . The data provided in Table 4 demonstrate that the linear effect of the initial pH ( x 4 ) , the quadratic effect of the initial dye concentration (x 11 ), and the interaction effect of the initial pH and the initial dye concentration (x 14 ) were significant for the visible light photocatalysis of AR88 at the specified confidence levels. 
Effect of the operational parameters
The interactive effects of the operational parameters were analyzed using three-dimensional (3-D) response surface plots and corresponding contour plots. The interactive effect of the initial dye concentration and the reaction time is exhibited in Figure 4 , where the catalyst dosage and the initial pH were constant at 1.5 g/L and 7, respectively. As depicted, decreasing the initial AR88 concentration, along with increasing the reaction time, resulted in increasing the visible light photocatalysis of AR88. The low initial dye concentration leads to the immediate photocatalysis of dye molecules on the catalyst surface in comparison with the high initial dye concentration, which requires a large number of surficial active sites. In addition, increased dye concentration results in decreased path length of the generated photons entering the solution. Therefore, a low number of photons reaches the catalyst surface and consequently the generation of OH · for the degradation of the target pollutant will be limited. shows how the catalyst dosage and the reaction time affect the visible light photocatalysis of AR88 over ZnO-diatomite nanocomposite. In this step, the initial dye concentration and the initial pH were constant at 25 mg/L and 7, respectively. As depicted in the 3-D plot and corresponding contour plot ( Figure   5 ), the color removal (%) increased with increasing catalyst dosage and reaction time. Increasing the catalyst dosage favored the photocatalysis of AR88 due to the generation of a higher number of OH · . 36 As can be observed in Figure 5 , increasing the catalyst dosage up to a specified value resulted in no significant increase in color removal (%). This can be explained by the fact that higher amounts of catalyst adversely affect the transparency of the solution, reducing the adsorption of emitted photons for the generation of OH · . The initial pH of the solution can influence the visible light-driven photocatalysis of AR88, because it can change the characteristics of dissolved species and surficial characteristics of the catalyst. The 3-D plot and corresponding contour plot of the interactive effect of the initial pH and the reaction time showed a sharp increase in color removal (%) with decreasing initial pH from 11 to 3 ( Figure 6 ). AR88 is an anionic dye with p K a of lower than 1 because of high acidic properties, and its sulfonic groups will be negatively charged at pH values higher than 1.
16,35
1 Thus, when the surface of the nanocomposite is protonated under acidic conditions, the electrostatic attraction between the surface of nanocomposite and the sulfonic groups of the dye molecules (with negative charge) can occur as displayed in Eqs. (2)- (4):
Dye−SO 3 Na → Dye−SO
Photocatalyst−H + +Dye−SO
Accordingly, the adsorption of dye molecules on the catalyst surface leads to an increase in the interaction of photogenerated OH · with the adsorbed dye molecules. 37 Despite the acidic conditions, the electrostatic repulsion between sulfonic groups and negatively charged surface of the catalyst occurs under basic conditions, resulting in a significant reduction in the visible light photocatalysis of AR88. In this case, hydroxyl radicals DARVISHI CHESHMEH SOLTANI and HAGHIGHAT/Turk J Chem generated on the catalyst surface hardly attack the dye molecules. 37 The data provided in Table 4 shows that the initial pH (F-value = 225.2) yielded the highest individual effect on the visible light photocatalysis of AR88 (%) in comparison with the initial dye concentration (F-value = 126.4), the reaction time (F-value = 18.9), and the catalyst dosage (F-value = 5.5). The interactive effect of the initial dye concentration and the catalyst dosage is displayed in Figure 7 . As shown, decreasing the initial dye concentration, together with increasing the catalyst dosage, resulted in a rapid increase in color removal (%). This is in accordance with the results in Figures 4 and 5. As shown, the role of the catalyst dosage in the visible light photocatalysis of AR88 is insignificant in comparison with the dye concentration. This fact was confirmed by the plot represented for the interactive effect of the catalyst dosage and the initial pH ( Figure 8 ). Figure 8 shows a rapid increase in the color removal (%) with decreasing initial pH, while increasing the catalyst dosage led to a gentle increase in color removal (%). Numerical optimization was applied to optimize the operational parameters involved in the photocatalysis of AR88. In this approach, the independent operational parameters were set to "in range" and the response (color removal (%)) was set to "maximize". Accordingly, for maximized color removal of 96.0%, the initial dye concentration, the catalyst dosage, the reaction time, and the initial pH were 13 mg/L, 1.5 g/L, 85 min, and 4, respectively. 
Role of each process
The efficiency of each process involved in the visible light photocatalysis of AR88 over ZnO-diatomite nanocomposite was determined and compared. As shown in Figure 9 , the removal efficiencies of AR88 by the adsorption onto ZnO alone (5.7%), diatomite alone (17.1%), and ZnO-diatomite (20.5%) were insignificant. The efficacy of visible light irradiation for color removal was also negligible. In addition, the visible light photocatalysis of AR88 over pure ZnO was not efficient enough for the complete removal of AR88 under the specified reaction time (59.7%). However, the application of ZnO-diatomite nanocomposite as photocatalyst resulted in enhanced visible light photocatalysis of AR88 within the same reaction time (95.1%). Therefore, the formation and immobilization of nanostructured ZnO on the diatomite surface improve the potential of the catalyst to absorb further visible light photons, producing higher amounts of OH · and consequently enhanced color removal (%). Moreover, the enhanced decolorization could be ascribed to the porous structure of the diatomite. The porous structure improves the reaction area, thereby exhibiting highly efficient catalytic activity. 20 The formation of OH · during the photocatalysis of AR88 over ZnO-diatomite nanocomposite is shown in the following equations:
11,15,20
The ZnO-diatomite nanocomposite was more efficient than pure ZnO to adsorb the visible light irradiation, generating higher amounts of OH · for the degradation of AR88 dye.
Stability of the catalyst
The reusability potential of the catalyst is a key issue concerning its long-term application. Figure 10 depicts the results of the reusability test of the applied catalyst in four consecutive operational runs. As depicted in Figure 10 , color removal (%) decreased from 95.1% to 76.5% within four consecutive experimental runs. As a result, only a 20% reduction in the photocatalytic activity of the ZnO-diatomite nanocomposite was observed during the four experimental runs, indicating a relatively high reusability potential of the nanocomposite. The reduction in color removal can be ascribed to the adsorption of some by-products of the target pollutant in the pores and cavities of the catalyst, reducing the active sites for the adsorption and generation of OH · . 
Experimental section
Photocatalyst preparation
All analytical grade chemicals and reagents were supplied from Merck (Germany), except for AR88 dye, which was purchased from Nasaj Sabet (Iran). The characteristics of AR88 dye are provided in Table 5 . The growth and immobilization of ZnO nanostructures on the diatomite surface were carried out as follows: 1.362 g of ZnCl 2 , as precursor of ZnO, was added to 50 mL of deionized water. Then 1 M NaOH solution was added dropwise to the above solution under magnetic stirring until the pH reached 10. Afterwards, 2.724 g of diatomite was added to the resulting white precipitate. The precipitate was sonicated in an ultrasonic bath (Games, Model: Ultra 8060D-H, UK) for 120 min to achieve uniformly distributed ZnO particles on the diatomite surface. Finally, the suspension was filtered and washed with deionized water and ethanol and dried in an oven at 80 • C for 2 days. The ZnO to diatomite mass ratio was fixed to 0.3. The ratio was determined according to our preliminary experiments.
Experimental procedure
A quartz-made cylindrical reactor (working volume of 700 mL) surrounded by four visible light lamps (6 W) was used for the visible light photocatalysis of AR88 over ZnO-diatomite nanocomposite. The distance between the reactor and visible lamps was kept constant. For the photocatalysis of the target pollutant, the ZnO-diatomite nanocomposite was inserted in the dye-containing solution under batch flow mode. The content of the reactor was mixed using a magnetic stirrer at 300 rpm to keep the suspension homogeneous. In addition, the chemical regeneration of the spent catalyst was performed using H 2 SO 4 solution to assess the reusability potential of the as-prepared catalyst. For this, dye-loaded catalyst samples were placed in 0.1 M H 2 SO 4 for 30 min. Four consecutive experimental runs were carried out in order to compare the photocatalytic stability of the regenerated catalyst with that of the pristine one. 
Experimental design
The experimental design of the visible light photocatalysis of AR88 over ZnO-diatomite nanocomposite was accomplished using response surface methodology (RSM) on the basis of central composite design (CCD). For this, Design-Expert 7.0 software was applied to conduct the statistical procedure. Four main experimental parameters, including the initial AR88 concentration (mg/L), the catalyst dosage (g/L), the reaction time (min), and the initial pH, were chosen for the modeling. According to the CCD modeling, the number of experiments ( N ) was computed by Eq. (8) as follows:
where k and x 0 are the number of parameters (variables) and the number of center points (replications), respectively. Therefore, the value of N was calculated to be 31 (k = 4, x 0 = 7). The response (color removal (%)) and independent operational parameters were correlated using an empirical second-order polynomial equation as represented in Eq. (9):
where Y , b 0 , b i , b ij , and b ii are the response, constant, linear effect, interactive effect, and quadratic interaction, respectively. The coded values of the experimental parameters were specified by means of x i and x j . The ranges and levels of the operational parameters were selected based on the results of preliminary experiments (Table 1) .
Instrumentation
The samples were withdrawn from the reactor after certain time intervals. The residual concentration of AR88 was measured spectrophotometrically (Hach, DR5000, USA) at λ max of 507 nm. The surficial structure of the samples was characterized using a scanning electron microscope (Cambridge, S360, UK). X-ray diffraction (XRD) analysis was performed via a PANalytical diffractometer (model: X'Pert Pro MPD, the Netherlands) with anode material of Cu and scanning angle ranging from 10 • to 80 • .
Conclusions
Iranian diatomite was used as support for the formation and immobilization of nanostructured ZnO to be used as photocatalyst in the visible light degradation of a textile dye. After the preparation of catalyst, RSM based on CCD was applied for the experimental design. According to the results of ANOVA, the applied statistical approach can be used as a valuable method for the prediction of color removal under different experimental conditions (R 2 = 0.961 and adjusted R 2 = 0.928). The maximized color removal of 96% was achieved at an initial dye concentration of 13 mg/L, catalyst dosage of 1.5 g/L, reaction time of 85 min, and initial pH of 4. Finally, based on the data processed by the CCD model, it can be stated that the visible light photocatalytic process over ZnO-coated diatomite is efficient enough for treating colored wastewaters with a high reusability potential.
